INTRODUCTION
The ability to interconvert various forms of energy is an essential feature of living systems. Biological molecular motors accomplish this task by coupling the making and breaking of high-energy covalent bonds to conformational changes in large macromolecules. Among these, the homomeric ring NTPases are a sub-group of the large ASCE (Additional Strand Catalytic E (glutamate)) NTPase superfamily whose members are involved in numerous macromolecular force-generating tasks including chromosome segregation, DNA recombination/strand separation/conjugation, protein degradation, and the generation and maintenance of concentration gradients and electrostatic potentials (Burroughs et al., 2007; Singleton et al., 2007; Thomsen and Berger, 2008) . In these motors, several energy-generating NTPase subunits are arranged as a ring, and coordinated hydrolysis of NTP molecules in the ring induces conformational changes in the motor that are coupled to the translocation of a polymer substrate.
Understanding the mechanisms by which these motors operate will illuminate the general mechanistic principles of molecular partitioning in biology as well as provide insight into the fundamental question of how chemical energy is converted to mechanical work in biological systems. Double-stranded DNA viruses, including herpesviruses and tailed bacteriophages, encode for homomeric ASCE ring ATPases that they use to package their genomes into preformed protein shells (capsids) Morais, 2012) . The process of genome encapsidation is remarkable since considerable entropic, electrostatic, and DNA bending energies must be overcome to package DNA to nearcrystalline densities within the confines of the capsid. Given the high forces involved in DNA compaction, packaging motors must work against substantially higher resisting forces than other ASCE motors. Indeed, viral DNA packaging motors are among the most powerful biological motors known, capable of generating forces greater than 60 piconewtons (Rickgauer et al., 2008; Smith et al., 2001) . Thus, insights gained from the study of viral packaging motors will not only shed light on the basic mechanistic principles of a broad class of macromolecular motors, but can also illuminate how these principles have been adapted by viruses to generate and control the large molecular forces necessary for genome encapsidation. Bacteriophage phi29 is an excellent model system for mechanistic studies of genome packaging since a highly efficient in vitro DNA packaging system has been developed, which has allowed packaging to be probed via multiple experimental approaches (Grimes et al., 2002; Guo et al., 1986; Morais, 2012) . Extensive genetic, biochemical and structural studies have shown that the motor consists of three macromolecular components ( Figure 1A ) (Morais, 2012; Morais et al., 2008) : 1) a dodecameric connector protein (gene product 10 (gp10)) (Simpson et al., 2000) , termed the portal protein in other phage systems; 2) a pentameric ring of a phage encoded structural RNA molecule (pRNA) (Cao et al., 2014; Ding et al., 2011; Guo et al., 1987; Morais et al., 2001; Simpson et al., 2000) ; and 3) a pentameric ASCE ATPase ring (gene product 16 (gp16)), analogous to the large terminases in other phage systems, which provides the energy for packaging (Koti et al., 2008; Morais et al., 2008; Simpson et al., 2000) . These three components are arranged as three stacked rings, and the dsDNA genome is translocated through a continuous channel along their shared central axis into the phage capsid ( Figure 1A ). Of note, the macromolecular components that constitute the phi29 packaging motor are relatively small compared to other phages; in phi29, the connector/portal and ATPase motor proteins that are common to all phage packaging motors are ~ 60% of the size of their counterparts in other phages, suggesting that they represent the essential minimum for motor operation.
More recently, biochemical and single molecule studies have shown that the genome packaging mechanism utilized by the motor is complex and highly coordinated (Chistol et al., 2012; Liu et al., 2014a; Liu et al., 2014b; Moffitt et al., 2009 ). It was shown that the mechano-chemical cycle is separated into a dwell phase and a burst phase ( Figure 1B al., 2009). During the dwell phase, the motor makes strong specific electrostatic contacts with the DNA phosphate backbone while the nucleotide state of the motor is reset. During burst phase, the motor employs non-specific contacts to drive translocation of the DNA into the capsid. Recently, it has also been shown that DNA rotation occurs during packaging, likely to maintain motor/substrate alignment, and that the magnitude of this rotation is coupled to the changing step-size of the motor as the head fills (Liu et al., 2014b) .
Despite having developed a comprehensive description of the kinetic cycle of the motor, the structural changes in the motor that drive DNA packaging have yet to be determined. Here, an atomic resolution structure of the ATPase domain of gp16 in the nucleotide substrate-bound state has been determined to 1.94 Å by X-ray crystallography. This structure, along with atomic structures of the connector and the pRNA, was fitted into a 5-fold averaged Å cryoEM reconstruction of phi29 particles stalled during packaging in a distinct mechano-chemical state, resulting in the first nearly complete atomic model of a packaging motor that includes the DNA substrate, and thus the first atomic model of an actively packaging motor.
Additionally, an asymmetric cryoEM reconstruction of these packaging particles reveals a single gp16 subunit making two contacts with the DNA, and shows that there are different interactions between different pairs of adjacent subunits in the gp16 ring. This reconstruction provides the first insights into how structural differences between motor subunits give rise to coordinated function and division of labor in a viral dsDNA packaging motor. Finally, biochemical analysis of gp16 mutants was used to characterize the roles of critical residues in ATP hydrolysis, DNA translocation, and inter-subunit communication. Demonstration of a transacting arginine finger suggests a role for this element in coordinating motor activity.
Taken together these results illuminate several key aspects of the molecular basis for DNA packaging, including: 1) how ATP hydrolysis is catalyzed within the active site of the ATPase; 2) how ATP hydrolysis is coupled to DNA translocation within an individual subunit; and 3) how sequential subunit firing is coordinated within the motor; and 4) how labor is divided amongst different subunits in the ATPase ring. Table 1 ). There is only a single polypeptide in the crystallographic asymmetric unit, and application of crystallographic symmetry does not generate rings or any other point group symmetry, indicating that the protein crystallized as a monomer.
Since a truncated construct was crystallized, the oligomeric state of the full-length protein in solution was also investigated. In contrast to previously reported results (Koti et al., 2008) , analytical ultracentrifugation (AUC) sedimentation velocity experiments on the codon-optimized construct indicate that even at concentrations above 3 mg/ml (near the saturation limit of the protein), the full-length protein is more than 85% monomeric under the buffer conditions used to set up crystals (data not shown). Thus, although ASCE proteins often function as oligomeric rings, gp16 did not form any sort of higher order structure in the absence of the capsid and other motor components.
Key functional features of the gp16 ATPase domain structure
The N-terminal ATPase domain of gp16 consists of a nine-stranded beta-sheet that is sandwiched between alpha-helices (Figure 2A and B) . As expected, the central part of the sheet adopts the canonical ASCE fold (Burroughs et al., 2007; Morais, 2012) , which itself is an elaboration of the ubiquitous Rossmann fold (Rossmann et al., 1974) , consisting of five parallel beta-strands interspersed by four alpha-helices. Figure 2C ; blue), the Walker A motif ( Figure 2C ; magenta), the catalytic glutamate at the end of the Walker B motif ( Figure 2C ; red), and the phosphate sensor (N158; Figure 2C ; green) all reside on the same side of the β-sheet on loops that connect β-strands to downstream helices. In contrast, the putative arginine finger (R146; Figure 2C ; cyan) maps to a loop on the opposite side of the sheet.
The position of AMP-PNP in the structure indicates how the conserved ASCE motifs in gp16 likely function during ATP hydrolysis (Figures 2C and D) . The backbone amides of the glycine residues in the Walker A motif (G29 and G27, located between strand S1 and helix H1) coordinate the phosphate groups of the AMP-PNP, the ε-amino group of the conserved lysine K30 forms ion pairs with the β-and γ-phosphates ( Figure 2D Mutational switching of the D118 and E119 (D118E/E119D double mutant) residues yields a gp16 that is both ATPase and packaging defective, supporting this assignment (Table 2) (Schwartz et al., 2013; Sun et al., 2007) . In the ATPase from bacteriophage T4, an 'adenine binding motif' interacts with N6 and N7 nitrogens of the adenine ring and thus helps bind and position the ATP substrate Sun et al., 2007) . However, in gp16, the equivalent motif is located upstream of the Walker A lysine in gp16 (residues 9-10; Figure 2C ; blue), and does not interact with the nitrogenous base in phi29 ( Figure 2C ; blue).
The conserved 'γ-phosphate sensor', asparagine N158 in gp16, is positioned at the C-terminal end of strand S4 (Figures 2C and D) . superfamily, this residue is proposed to play a role in transmitting conformational changes to other parts of the protein upon ATP binding/hydrolysis by 'sensing' the position of the γ-phosphate (Iyer et al., 2004a; Iyer et al., 2004b; Story and Steitz, 1992; Yoshida and Amano, 1995) . In gp16, the proposed phosphate sensor N158 is approximately 3 Å from the γ-phosphate of the AMP-PNP, and is thus well positioned to interact with the phosphate leaving group as it is released during hydrolysis of ATP. Mutation of N158 to alanine abolished both ATPase and DNA packaging activities (Table 2) , supporting its assignment as the gp16 phosphate sensor.
Many ASCE ATPases are proposed to utilize an 'arginine finger' to coordinate ATP hydrolysis between adjacent subunits (Burroughs et al., 2007; Morais, 2012; Thomsen and Berger, 2008; Yoshida and Amano, 1995) . Typically, hydrolysis in one subunit is believed to be coupled to a conformational change that results in the insertion of its arginine finger into the active site of a neighbor. This promotes ATP hydrolysis in the adjacent subunit; the positively charged guanidinium group of the arginine is thought to stabilize the pentavalent phospho-anhydride transition state that forms during hydrolysis and promote separation of the phosphate leaving group (Braig et al., 2000; Nadanaciva et al., 1999; Ogura et al., 2004) . In gp16, the predicted arginine finger, residue 146 (Burroughs et al., 2007) , is located immediately upstream of strand S4 on the opposite edge of the central β-sheet where the other ASCE motifs reside ( Figure 2C-D) . Although only a monomer of the ATPase domain crystallized here, previous cryoEM reconstructions of phi29 show that gp16 forms a pentameric ring when the motor is assembled on a prohead (Koti et al., 2008; Morais et al., 2008; Simpson et al., 2000) , consistent with in trans activation of adjacent subunits by an arginine finger (see also below, arrangement of gp16 in the phi29 dsDNA packaging motor.)
Structural homology with other ASCE family members
Although it is clear that the N-terminal domain of gp16 belongs to the ASCE superfamily, there has been some debate regarding exactly where gp16 resides in However, based on the lack of a nuclease function its C-terminal domain, the predicted topology of a small insertion domain between S2 and H2, and the position of the putative arginine finger (R146) immediately upstream of β-strand S4, gp16 was also proposed to belong to the HerA/FtsK branch of the ASCE superfamily (Figure 2a) (Burroughs et al., 2007) . Alternatively, a homology model of gp16 based on the packaging NTPase from a dsRNA cystovirus belonging to the RecA branch of the family was also proposed (Yu et al., 2010) . It has also been asserted that the Nterminal domain of gp16 is a member of the AAA+ branch of the ASCE superfamily (Schwartz et al., 2013) .
Based on the structure reported here, the N-terminal domain of gp16 has the highest structural homology with members of the TLS superfamily (Sun et al., 2007; Zhao et al., 2013) , as judged by the lowest RMSD over the largest number of atoms (Table 3) . However, gp16 also has considerable homology to both the bacterial translocase FtsK (Massey et al., 2006) and the P4 (Mancini et al., 2004) packaging protein from the cystovirus phi12. Thus, mechanistic features of these three branches of the ASCE superfamily may be present in gp16 (see below). However, structural homology with the AAA+ branch of the superfamily is considerably worse than with the other three branches, likely due to the reduced number of strands in the central sheet, the very different position and topology of the insertion domain, and the different location of the putative arginine finger. Hence, mechanistic models based on structural homology with the AAA+ branch of the superfamily (Schwartz et al., 2013) seem unlikely.
Arrangement of gp16 subunits in the phi29 dsDNA packaging motor
In order to develop a comprehensive mechanistic model of the packaging motor, it is necessary to not only know the structures of each separate motor component, but also how the individual motor components are arranged with respect to one another. Presently, since it is not possible to assemble the motor complex in the absence of the prohead, the motor was imaged in the context of the entire prohead.
Previously, cryoEM analysis of the entire motor complex was used to determine the approximate molecular envelopes of the connector, the pRNA, and the ATPase, and indicated that the ATPase forms a pentameric ring at the distal ends of the A-helices of the pRNA ring (Koti et al., 2008; Morais et al., 2008) 
